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GEAPHIOAL BEPBESENTATION orF INTEBGOOLER PARAMETERS
AND PERFORMANCE AT ALTITUDES FROM
26,000 TO 60,000 FERT

By D. E. Brimler
SUMMARY

Interdependence of intercooler psrameters and per-
formance for a pursult-type airplene using a 1675-horse-
power engine is shown at altitudes of 25,000, 36,000,
47,000, and 60,000 feet by means of perspectlve drawings.
Qualitatively, the drawings have gemneral application.

Intercooling between mtasges 0f gupercharging at high
altitudes results in no gaving in the power to supercharge
and cool the engine alr.

INTRODUCTION

The effects of sltitudes up to ©0,000 feet on the
engine cooling systema of liquid-cooled and alr-cooled
engineg have been digcussed in reference 1. The purpose
of the present report is to conasider the effects of alti-
tude on lntercooler characteristlics and to present a
straightforward picture of the interdependence of the
intercooler varlables. Seven perspective drawings are
included which enable an intercooler designer to choose
by inspection the intercoalcr best guited for given oper-
ating condlitiona. It 1s apparent “rom the drawings that
the present practice of selecting an intercooler on the
basls of the coolingr-elir pressure drop avallable is not
advigable for intercoolers to be used at high altitudes.

The drawings as presented ghow the values of the
various parameters when it 1ls assumed that the intercool-
ing is done after the gupercharglng heg been completed.
In actual inastallations, three stages of supercharging
will be reguired at altitudes of 47,000 and 60,000 feet.




It 18 shown in appendix A that, 1f the power regquired
to supercharge and cool the engine alr 1s considered,
intercooling between stages of supercharging results in
no galn over lntercooling after the supercharging is com—
pletod. Intercooling between stages of supercharging may
be necossary, however, to reduce the maxinum engine—air
temnerature.

Figures are constructed for a representative example
of a Earrison louvered aluminuu intercooler delivering
the engine elr for a 1675—rormal—crulsing—horsenower
engine installed in a pursuit—type alrplane. Similar
charts may be constructed for any installatirs oy the
nethods shown in appendix B. For an engine of different
power using the Harrison louverel aluminum intercooler,
the intercooler heigh%t, thc rrontal area for cooling air,
and the volume at eny altitude may be scaled from the

igures prcsenied. Engine—ailr passage length, cooling—~
air passage length, pressaure drop for coolling air, and
rabi1o of cooling—air %o eagine—alr weight flow are inde—
pendent of engine power. The figures anply cualitatively
to any other typc of intercooler for any operating condl-
tions.

A large number of variables are involved in the se—
lection of an intercooler; namely, properties of the alr,
characteristics of the alrmnlance ard airnlane engine,
welght flow of coolinsg air, pressure darops of coolirng and
engine elr, power used bty the intercooler, and internal
and external intercooler dimensions. liany of these vari-
ables are determnined by considerations other than the
intercooler design. A brief dlscussion of some of the
ffixed"™ variables 1s included in sppendix B.

STHBOLS

A frontal area of intercooler, sguare feet

Cp/Cy, ratio of drag coefficient to 1ift coefficilent of
alrplane, Gimenslonless

length of air passage, fest

[

M welght rate of air flow, pounds per second

P static pressure, pounde per square foot or inches
of mercury
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Ap

pressure drop, pounds per equare foot or inches
_of mercury )

L T

power, horsepower

dynamnic pressure, pounds per square foot or inches
of mercury

tomperature of air, °F
intercooler volumne, cubic feet
alrplane speed, feet per second

welght factor, dinensionless

.efficiency; dlmenslonless

érop in temperature of engine alr divided by initilal
tenporature difference, dimensionless

meon teuperature diffeorence between engine ailr and
cooling alr divided by initial temperature
differsnce, meleonleee

air donsity, slugs per cubic foot

ratio of specific heat at constant volume to spe—
cific heat at conetant prossuro, dimensionless

Subecfipte;

. ad

c

-ad}aba%ic'

coeling_air

epgiﬁe air

‘initlal -

f no—flow digection

froe—stream condition
total

wolght




The B's, a's, K's, and the primed generaliszed variadbles
are defined in reference 2.

SELECTION OF INTERCOOLERS

S1x Intercooler V rilables

Generally, in the selection of an intercopler, the
valuee of slx variables are to be determined; namely, the -
total intercooler power expendlture Pg, the cooling-air
pressure drop Apc, the ratlo of weight flow of coolling

air to weight flcw of engine air M./M_, and the three

linear dimensions Lpy Lg, and Lc' Combinations of these
varlables of intereet to the intercooler designer are the
frontal area for cooling alr & = LgL,, the intercooler

volume Vv = LgLpL,, and the generallzed variable Apcl =
constant Apc (Mc/He). which represente in. nondimensional

form the power to force the cooling air through tha
interconler.

The relatlonships among the slx variables and the
combinations of these variabdles Just mentlioned are shown
in figureeg 1 to 7 at four repregentetive altitudes. To—
tal power used by the 1lntercooler, coollng—air pressure
drop, frontal area, nn—flow length or height, volume,
engine alr passage longth, and cooling—alr paseange length
are all plotted on. the same bese, M /M, by A4ap,'. Any
two of the variables could have been used as the common
base, but the two chosen were considered moet convenlent.
The six variables glven may be described by four relations.
Hence, 1f any two variables are fixed in value, the values
of the other four variables are .lso fixed.

For a given value of Mc/Me, minimum power operation

at any altitude 1s at & value of 0.6 for Apc', as 1e
shown in reference 2. The flgures do not continue, there—
fore, to lcwer values of 4p,'. The other boundarles of
the figures are set by experlence as practical limits, In
most cases lntercoolers of good design willl fall near the
center of the flgures as inspection of the values of the
varlebles will show.

Use of Drawlngs

Use of the seven figures presented depends on the
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. variables are:

stage of the deslgn of the airplane. If the dimensions
of the intercopler are fixed 1nspection of the figures
shows the amount of’ power, the pressure drop, and the
cooling—air weight flow that will be required for opera—
tion,

If the intercooler designer has freedom of cholca of
the dimensions, he may choose values of X /H and Ap,!
and tabulate corresponding values of the other variagbles,
If the values are not satisfactory, other values of uc/u,
and Apc may be chosen and the correspomnding values of
the other variagbles at these points may be tabulated and
compared, The designer may contlanune this operation until
the most suitable comblnstlon of veriables is obtalned.

At altitudes near 235,000 feet, the values of all the
variables aeraq relatively small and irtércooler selection
is not difficult. 4t higher alt’tudes, however, the inter—
coolér 'mist be selected very carefully .to aveld critical

‘values ‘nf the variables. The final selection made by

each desligner willl devend on the relative welght given the

. d1fferent variables.

Selection of an Intercnoler at an Altitude of 60,000 Feet

By lnspectlon of the seven flgures for an altltude of
60,000 feet, the value of Mc/Me ochosen arbitrarily et
2.5 results 1n reasonable values of the other variabtles.
At Ape.! = 0.6 and M,/Mg = 2.5, the values of the other

Pt. horsepower . . . . . . . . . . e . . -. . . . . 7

9.0
Apc. peunds per square foot. . . . . . . . . . . . . 8.8
A, 8quare £eet . -v- ¢ i . ¢« s s ¢ o 5 s s e s s+ s+ o R6.0
v ’ cub ic feet- » e s A . . ..-' ‘e . & . . . . . L] . 12 L] 6
Iln. feet - » . v . - . . - e ‘o e e - - . - . . . . . 5-5
Ile' feet e = e = e a4 e 8 8 e e s 8 & e ¥y e 8 8 3 = » 4-5
Lc' feet ] . . . L] [ ] L] L] [ L] . . L) L] L] [ o L) L] . . . 0.60

If Mc/Mg 18 decreased, P4, Apg, Vv, Lg, and L, are

increased and, 1f MN,/M; 1ig increased, 4 and Lp :in-
creaso rapldly. It scems best t. reduce the dimensions
at the ‘cost of Py and A4p, bdy choosing Ap, greater

than 0.6. If Ap,' 1e increasec from 1.5 to 2.0, -how—
ever, P; 1ncreases 10.5 horsepower for a corresponding




decrease in A of 1.4 square feet. The better designed
intercooler may be, therefore, at a Apc' of 1.6. Values

of the varilables at Mg/Ng = 2.5 and Apy' = 1.5 are:

Pt' hOTBEPOWOY . &+« « =« + o o s o o o » o s s « o o » 294,56
Ap,, pounds per square foot . . . . . . . . . . . . .16.8
A, equare feet. , « . « v ¢ ¢ « 4 s e o + e s o . . .15,2
v, cuble feet , . . . o« . . < . . & o . . e 4 e . . . 9.6
Ln‘ feet- [ ] [ ] » e L] . . L L] L] L] L] L a L] L] - a L] L] L] L] 4.2
Leg, feet. . . . . . o ¢ . i 4 0 e o it i e s s e . o 2.3
Lao feet. . . . . . & . . . ¢ i ¢ 4 . . < 4 4 4 ... 0.68

In flgure 8 intercoolsr veriables selected by similar
compromises are plotted agalnst altitude; -Ap,' was cho-

gsen as 1.5 at each altitude.

Power cost at various gltit- les for the lntercoonlers
designed for 80,000 feet and 25,000 feet is shown in figure
9, The intercooler designed for 25,000 feet will not ver—
form the required cooling above about 50,0C0 feet. The
optimum curve for power of flgure 9 does not represent the
intercooler of minlimum power at a given altitude but repre-
sents a compromlise of power and the dimensions for the
installation.

Langley Hemorisl Aeronautical Lsboratory,
Faetional Advisory Committee for Aeronautics,
Langley Fleld, Va.

LPPENDIX A
COMPARISON OF SINGLE—STAGE AND TV0~STAGE INTERCOOLING

The figures precented in the present paper assume that
the intercooling is accnmplished in a single stage after
the engine alr hag teen compressed to 30.3 inches of mercury
by a turbosupcrcharger. At 60,000 feet, the ratio of engine
alr pressure at the intercocler entrance to atmospheric pres
gure 1s 14.4 and the maximum temperature of t"e smngine eir

is 508" ¥,
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Intercooling between the stages of compression may
be considered a means of reducing the maximum engine-air
temperature and diminighing the. power. required to compress
the engine air.

By use of the method outlined in appendix B and by
effectlng a reasonable compromipe on the intercooler
varameters &g shown ian the body of the present paper, in-
tercoolers for two-stage interc-.ling at an altitude of
60,000 fest have been determined. The difference in power
required to compress the engine alr for the single-~stage
and for the two-stage intercooling hag algo been computed.
It has been massumed that the compression. of the engilne
alr can be accomplipghed in three stages of approximately
oqual comproesslon ratio, -that cooliung the englne air to
100° ¥ between the mecond and the third stages is desir-
able, and that both methods of supercharging can be ac-
complished at 66 percent adliabatic efficiency.

The parameters of intercoolers at Apc' = 1l.5- are
ag followe:

Stage

Super-
¢ M, charging
M _ Dpower

A v L, L
(hp) (aq £t/ (sq ft) (cu ft) (£ft) (£ft) (£ft) "© (hp)

Betweesn
2 and 3

After 3
Total

Single

107.9 23-0 13'9 10-9 4!2 3-3 0-79 2-3 ke
86.4 18.3 13.9 . 9'3 3-7 3.5 l69 2.3 -----
194-3 - 261'8 ! 20-2 - e - 4.6 890

a
94.5 l6.8 15.2 9.6 4.2 2.3 .68 2.5 984

This v
ence

alue iacludes 11 hp necegsary bt carry an estimated dAiffer-
of 100 1b in supercharger welg.at.

From the power consideration, there is almost no dif-
ference in the two methoda of intercooling. The siungle-
stege intercooling results in a8 saving of about 10 cubdle
feet of intercooler volume, of 165 pounds weight, and of
7.4 pounds per second of cooling alr. The two-mtage 1nter-
cooler reduces maximum engine-air temperature from 608° to
376° ¥.




The figures at 60,000 feet therefore represent the
most favorable picture from the consideration of 1inter-
cooling, but maximum temperature consideratlon favors the
two—stage intercooling installation.

APPERDIX B
METHODS AND SAMPLE CALCULATIONS

The methods of obtaining filgures 1 to 7 may be-1llus-
trated by determining A typical point at M,/Mg = 4 and

Ape!' = 1,0 for operatling conditlons at 60,000 feet,

Calculations are based on Army alr. Army alr temper-
ature 1s 40° F avove the temperature of NACA standard air
at sea level and decreases linearly with altitude to —67° F
at about 47,000 feet where the isothermal layer begilns.
Above 47,000 feet, the propertles of Army alr and NACA
standard alr are 1dentical.

Initial engine—air temperaturs 1ls comouted by assum—
ing a compression by a turboeupercharger of 66 percent
adlabatliec efficlency maintaining constant manifold pres-
sure of 29 inches of mercury at all altltudes considered.
The suvercharger adiabatic efficiency 18 defined as

¥—1
F7P1 Y -
T, |<__z> -1
L Po -
d =
T

- T
ie (¢]

a

The velocity of the cooling eair through the inter—
coolers 1s small in comperleon with the alrplane spesd.
The temperature of the cooling air as it enters the inter-
cooler may be computed conveniently and accurately, there-—
fore, by adding full adlabatic compresslon temperature
rise to Army ailr temperature at a given altlitude. The
adiabatic temperature rise in ©OF 1is

2
AT . o 1.78V
ed 10%

where V 18 given in mliles per hour.
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Army speciflcations limit the value of the engine—alr
pressure drop in the intercooler and connecting ducts to
1.6 inches of mercury. If initial engine—-alr temperaturees
and supercharging power are consldered, the engine—air
preesure drop must be chosen as small as posslble. If it
i small, however, the intercooler volume willl be too large
and the intercooler operating power will be excessive. 4
conservative estimate of the pressure drop in the inter-—
cooler ltself inocluding the exit loss 1s 1.0 inches of mer—
cury. This value 1s used in constructling the charts .pre-—
sented in this revort and is satisfactory with respect to .
low—-power' intercooler operation for almost all lnstallations.

Initial engine—air pressure is the sum of the carburet—

" or manifold pressure of 29 inches »f mercury and a lose of

1.0 inch of mercury in the inter ,o0ler and ~an estimated duct
loss of 0.3 inch of mercury, totaling 30.3 inches of meroury.

The amount of cooling—sir pressure drop available shown
in figure 2 is assumed equal to 0.76q, where q, (called
d,) 18 given in figure 13 of reference 1. The average
cooling— alr pressure for calculatlion of air density is here
estimated by adding 0.9 to the free—stream atmospheriec

pressure. The weight factor € and coolling—air duct effi-
clency N, are ostimated. d

The values of the engine—sir welight flow, the tempera-—
ture of the engine eir as 1t entere the cardburetor, the
airplane veloneclity, the altitude, the impact pressure,.and
the alrplane drag—lift ratlo are generally furmnlshed the
intercooler designer. Values used 1n the present report
are taken from reference 1.

From the foregoing conslderations, intercooler selec—
tion form 1, which is based on forim 1" of reference 2, has
been completed at the four altitudes of figures 1 to 7 to
sult the pursuit—-type airplane and engine considered.

Other propertiss of -the ailr, such as density and vis—
eoslty, also appear as varlables 1in intercooler selection.
Their effect 18 included in the cholce of . £,, Bz, Bz,
and PB4 of the sample calculation at 60,000 feet >n form
2, which in the present paper ié the seame as form 5 of
reference 3.

Similar calculations of the variables were made for
various other values of A&p,' and Ms/Mg to obtain points
for plotting figures 1 to 7. The same procedure of calcu—
lation can be carrled out for any operating copditions to
find the variadles of the intercooler.
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At Mc/le =4 and ¢t = 0.849, from figure 5 of ref-
erence 2, { = 0.3365. The generalized cocrdinate Apg’

ig calculated usging the values from form 2 as followa:

The intersectlion of Apg! = 19.7 with Ape' = 1.0 rep-
resents the intercooler on the genereliged chart for the
Harrison louvered aluminum intercooler (fig. 4, reference 2).
The values of the other gensralizzd varlatles are:

P! = 2.63

L,' = 3.76
L' = 0.30
L' =1.39

The varlables are calculated as follows:

P!

v ¢ 550 K, ¢
v a —Y' = 9.45 cu £t
as K, g
L,' K
Dg = «——2 % _ = 3.28 ft
(X, ¥, ap
L'E M2 /M) '
Lp = 24—21_2__¢_.0 ‘. B.27 £t
xaKnL
]
L, = Le! Ea = 0.334 £t

Kl “e ("c/l‘e) '

0.00137 (T. + 460) Ap,. N
- (T ) 87 o = 9.3 hp

P




I=~300

11

Py = Py ¢+ P + Pe = 75.3 hp

] Ap - Tk i B
© T Ky (To + L60) Mo (Mo/te) L

-

= 7.13 1v/sq £t

Ay = Le In = 2741 8q £%
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Intercooler Selection Form 1

Value at altitude of

Verlable Symool 5500 7% 56,000 T% 47,000 Tt 60000 st PRit
Engine power 1675 1675 1675 1675 hp
Engine-air weight flow Me 3.53 3.53 3.53 3.3 flb/sec
Engine~alr 1inlet temperature 245 318 397 608 O
Engine-air outlet temperature eout 90 90 90 90 op
Engine-air inlet pressure 30.3 30.3 30.2 20.3" fin. Hg
Engine-air outlet pres. (Estimated) [Pe. ¢ 29.3 29.3 29,3 29.3 |in. Hg
Engine-alr mean temperature i 168 204 244 349 OF
Engine-alr mean pressure De 29.8 29.8 29.8 29.8 fn. Hg
Alrplane velocity Vs 598 G78 770 879 fps
Pressure at altitude 11.1 6.7 4.0 2.1 fn. Hg
‘Impact pressure 0 2.9 2.5 2.1 1.5 in. Hg
Cooling-air mean pressure Pe 13,7 8.95 5.89 3.45 [in. Hg
Tenmperature at altitude 10 =30 -67 -67 OF
Adiabatic temperature rise 29 38 49 64 op
Cooling-air inlet temperature 39 8 -16 -3 oF
“Cooling-air welght flow Me 1Mg 1IN 1NMg Mo Nb/sec
“Cooling-air mean temperature Te 117 122 137 63 Op
?2%%?:1aigmgzggizi:ugifggggnce g 0.752 0.7% 0.742 10.849
ljeight factor £ 1.5 1.5 1.5 1.5
Drag~11ift ratio Cp/C1, .104 .0908 .0800 0700
Duct efficiency (cooling air) Te .9 .9 ) 9
EValues at various altitudes given in reference 1. .
to construct figs. 1 to 7. The value

A series of values from 1 to 5 is assigned to M,
of T, depends on the value assigned M.

VOVN

o
| 34
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Intercooler Selection Form 2

" (For Harrison alumlhum intercoolers)

13

Constant Valus
From figure 6 at T, and pg B, 13.20
704 B,y/ng @, 10,326
From figure 7 at Eo Ba 1.927
1310 B . Qg 2624
From figure 7 at T, B 1.790
1310 B3 Qg 2345
From figure 8 at ie and 59 B, 3.79
3.36 B, a, 12.7
26 ¢ V, Cp/0y a, 2307
(a?,/a-l)l/“'5 ag 0.651
5980a 4 K, 2,231
aga Mg ¢ x 10— 4
(?““5> Xa 0.533
£3° K, 0.172
at® c 2.535
Qg 4 X 107

8Pigure numbers refer to figures

in reference 2.
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FIG.2. VARIATION OF AR WITH Mc/M AND AR'
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FIG. 3. VARIATION OF A, WITH Mc/M AND AR'. 60,000 F1
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FIG. 4. VARIATION OF V WITH MyM AND AR'.
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FIG. 5. VARIATION OF L, WITH Mg AND AR
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FIG. 7. VARIATION OF L, WITH M%A AND AR'.
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NACA Fig. 8
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